We present results of single-shot resonant magnetic scattering experiments of Co=Pt multilayer systems using 100 fs long ultraintense pulses from an extreme ultraviolet (XUV) free-electron laser. An x-rayinduced breakdown of the resonant magnetic scattering channel during the pulse duration is observed at fluences of 5 J=cm 2 . Simultaneously, the speckle contrast of the high-fluence scattering pattern is significantly reduced. We performed simulations of the nonequilibrium evolution of the Co=Pt multilayer system during the XUV pulse duration. We find that the electronic state of the sample is strongly perturbed during the first few femtoseconds of exposure leading to an ultrafast quenching of the resonant magnetic scattering mechanism. The use of elastic x-ray scattering for studying electronic and magnetic structures of matter is based on the premise that the scattered x rays provide information on an as-prepared state. The new free-electron-laser (FEL) sources of ultraintense and ultrashort pulses of extreme ultraviolet (XUV) and x-ray radiation challenge this premise. Here, we present the results of a resonant magnetic scattering experiment at the FEL source FLASH using ultraintense XUV pulses (5 J=cm 2 ) tuned to the dichroic transition of cobalt at 20.8 nm (M edge). At this fluence we observe an intensity-induced reduction of the x-ray resonant magnetic scattering cross section together with a reduction in speckle contrast. With the help of a microscopic atomic model, we follow the nonequilibrium evolution of the electronic structure during the XUV-FEL pulse duration. We find that the excitation generates already during the first few femtoseconds a strongly perturbed electronic system in which the resonant magnetic scattering mechanism is quenched.
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Resonant magnetic x-ray scattering has become an invaluable tool to determine magnetic properties of solids on nanometer length scales. The technique has been developed to such a fine art that today, e.g., orbital and spin magnetic moments can be separately determined on femtosecond time scales using femtoslicing synchrotron sources [1] [2] [3] [4] . XUV [5] and x-ray FEL sources, however, allow us to take single-pulse snapshots of magnetic domain configurations [6] with the perspective to study transient and highly excited spin states on femtosecond time scales and with nanometer spatial resolution [7] . Lensless imaging techniques [8] make use of the high-coherence properties of the FEL beam to record magnetic holograms within a single sub-100 fs FEL pulse [9] .
The resonant magnetic scattering process is element specific and sensitive to the magnetic moments through the same x-ray magnetic circular dichroism effect as exploited in absorption spectroscopy [10, 11] . However, when tuning the photon energy to an absorption edge, the radiation damage is also strongly enhanced leading to a trade-off between magnetic scattering and damage to the sample. Recent experiments reporting on x-ray-induced enhanced transmission in aluminum [12] and neon [13] demonstrated the effect of transient electronic states excited by intense femtosecond x-ray pulses on the absorption properties of the samples. Diffraction experiments using nanocrystals showed that the onset of ion movement on time scales of 70 fs and longer terminates the Bragg diffraction condition [14] . Resonant magnetic diffraction probes a specific quantum transition within the electronic system and thus damage can manifest itself even faster than 70 fs.
Resonant magnetic scattering at the Co L 3 edges (1.6 nm) [9, 15] and single-pulse scattering at the Co M 3 edges (20.8 nm) [6] from Co=Pt magnetic multilayer
samples [16, 17] showed that FEL fluences of up to 2-4 mJ=cm 2 allow recording single-shot magnetic diffraction patterns without changing the magnetic properties of the sample. Fluences above 9 mJ=cm 2 , on the other hand, lead to a heat-induced altering of the domain structure which occurs on picosecond to nanosecond time scales, much slower than the femtosecond pulse duration. Finally, fluences of 20 mJ=cm 2 lead to the destruction of the magnetic multilayer sample with the magnetic scattering signal still intact-that is, the destruction process is too slow to leave a trace in the femtosecond diffraction snapshot. Here, we have used pulse energies of around 20 J and a beam size of 20 m (FWHM) at the sample position yielding x-ray fluences of the order of 5 J=cm 2 within an expected pulse duration of 100 fs. The photon energy was set to 59.6 eV corresponding to a wavelength of 20.8 nm to match the Co M 3 resonance. FEL pulse intensities were measured with a gas monitor [18] and the experiment was carried out in the chamber described in [19] .
In Fig. 1 we show images of the magnetic scattering signal of a Co=Pt multilayer film recorded with two different FEL fluences. The scattering pattern in Fig. 1(a) results from summing up the scattering signals from 1000 FEL pulses (repetition rate 10 Hz) in one exposure of the camera. The average incident photon flux of these pulses was 7:5 mJ=cm 2 . A diffraction pattern with two lobes of intensity is observed which points towards the absence of heat-load effects, as a state of linearly aligned magnetic domains would become disordered towards a 2d labyrinth state upon heating, such that the scattering image would evolve into a ring. Magnetic speckles are visible, and by plotting the probability density of the speckle intensity (Fig. 2) we obtain M ¼ 24 contributing modes, which corresponds to a speckle contrast of 1= ffiffiffiffiffi M p ¼ 20% [20] . The observation of such a high value of speckle contrast in the averaged image implies that the domain pattern is not changing during the exposure and confirms that the diffraction pattern represents an as-prepared magnetic stripe-domain state. Figure 1(b) shows the magnetic scattering from a single shot with an intensity of 5 J=cm 2 recorded on the same sample as the multishot low-fluence exposure shown in Fig. 1(a) . Two differences are evident: a strongly reduced scattering intensity of the previously intense scattering lobes and the appearance of an additional signal on the detector. The latter signal is parasitic in that it varies in shape, position, and intensity from shot to shot. We attribute this signal to the Coulomb explosion of the sample. It can be excluded that this signal originates from a scattering process due to its shape and lack of point symmetry; therefore, the signal's position on the detector cannot be related to a Q value in contrast to the scattering signal from the magnetic domains. The observation of interest in the context of this Letter, however, is the strong reduction of the resonant magnetic scattering intensity relative to the low-fluence case. In Fig. 3 we display the radially averaged magnetic scattering intensity versus the momentum transfer Q of the magnetic domains with both curves normalized to the incident photon flux. The high-fluence measurement displays a reduction of the resonant magnetic scattering intensity by a factor of 20 AE 5. Altogether, four pairs of multi-and single-shot images have been taken in such a way and all show the same behavior with respect to the diminishing of the scattering signal for the high-fluence measurements (see Supplemental Material [21] ).
We attribute the loss in scattering intensity to a reduction in the efficiency of the resonant magnetic scattering process. While we note that at high fluences processes such as stimulated emission and recombination can become important [22] , we propose that the intensity reduction observed here is to a large extent due to x-ray absorption which leads to significant changes in the material's electronic structure. Of these, the photoionization of weakly bound 3d and 4s electrons are relevant. As a consequence, the binding energy of the remaining 3p electrons increases and the energy of the incident photons is no more suitable to induce resonant transitions involving these shifted energy levels.
To substantiate this idea we have performed simulations of the nonequilibrium evolution of the Co=Pt multilayer sample which yield quantitative insights into the ultrafast electronic processes occurring during the intense FEL irradiation (for details see Supplemental Material [21] ). The calculations allow following the complex nonequilibrium evolution of the electronic and atomic system starting from the neutral state through all stages of the progressing ionization and sample damage up to a possible explosion occurring at sufficiently high radiation doses [23] . We considered two pulse-duration values of 30 and 100 fs with fixed pulse fluence levels but restrict our discussion in the following to the results of the 100 fs calculation.
The simulations reveal that the movement of the atoms during the XUV pulse duration of 100 fs is small with an average atomic displacement of only about 0.01 nm. Larger displacements due to the Coulomb explosion occur on longer time scales after the FEL pulse. Thus, structural changes are negligible for the scattering process, and we can concentrate on the electronic system only. In the case of low fluence of 7:5 mJ=cm 2 only minor changes are induced to the electronic system: the average ionization degree per atom is %0:01 and only Co þ1 states appear within the sample [ Fig. 4(a) ]. The few excited photoelectrons rapidly lose their energy in inelastic collisions, so the kinetic temperature of the electron cloud decreases fast, without electron-electron thermalization, as the density of the free electrons is too low (Fig. 5) . In the high-fluence level case of 5 J=cm 2 , the electronic system and the average ionization degree per atom change dramatically after a few up to tens of femtoseconds. For the simulated exposures with 30-100 fs long FEL pulses, the atomic cobalt evolves to a Co 1þ state after 2-10 fs, to Co 2þ after 5-20 fs, and then to Co 3þ state after 6-30 fs [ Fig. 4(b) ]. The average ionization degree is already close to 1 after 4-10 fs. Because of the high density, the photoelectrons thermalize quickly (after 5-15 fs) and reach a temperature of %22 eV (Fig. 5) . Note that all simulations are based on a Co=Pt multilayer system, thus also taking into account the free electrons generated in the platinum. The resulting ionization degree of platinum is comparable with the one of cobalt (see Supplemental Material [21] ).
Using a dedicated code for Hartree-Fock-Slater model calculations (XATOM package [24] ) extended to include the effects of the dense free electron environment on the atomic potential of the central atom (extended XATOM package [25] ), we have estimated the energy of the PRL 110, 234801 (2013) P H Y S I C A L R E V I E W L E T T E R S week ending 7 JUNE 2013 234801-3 resonant transition in (i) isolated cobalt atoms and ions and (ii) when screened by the cloud of free electrons. In these calculations the resonant transition of isolated unscreened cobalt atoms occurs at a photon energy of E %59 eV. The photoionization in our model will most probably occur in the 3d shell resulting in a Co 1þ ion with resonant transition energy of %60 eV. This is a shift of %1 eV towards higher energies, while the photon bandwidth is 0.6 eV; i.e., the photon energy is now slightly out of resonance. For Co 2þ the relative shift increases to %1:5 eV and for Co 3þ to %2 eV. Accounting for the screening effect we obtain relative shifts of 1.8 and 2.1 eV, respectively. See also Ref. [26] . We conclude that in both cases the predicted shifts of the transition energy within the created ions will result in a reduction of the scattering intensity with the FEL staying tuned to the cobalt 0þ bulk transition energy. Using the energy dependence of the Kramers-Heisenberg relation, we calculate a factor of at least 5 in intensity reduction. This is less than observed, which we attribute to shortcomings of our simplified atomistic model of cobalt (e.g., neglecting resonant excitations during the beginning of the pulse) and other channels contributing to the reduction of the resonant scattering process. Since the details of the evolution of the sample's electronic state depend on the fluence, one has to conclude that a laterally inhomogeneous pulse fluence results in a lateral structuring of the electronic state within the sample. An inhomogeneous profile of an intense FEL pulse, such as a simple Gaussian shape, will therefore yield a spatially inhomogeneous bleaching of the scattering mechanism. This in turn leads to a superposition of slightly different speckle patterns during the exposure on the detector giving rise to a lower speckle contrast in the summed image. This conclusion is supported by a more detailed analysis of the single-shot speckle patterns like the one shown in Fig. 1(b) . The speckle intensity distribution shown in Fig. 2 reveals a significant broadening in the high-fluence case, which can be characterized by an increase of the effective number of modes from 24 to 150. This implies a significant reduction in speckle contrast.
We note that our result implies the existence of a photonflux limitation for ultrafast resonant magnetic scattering. X-ray fluences of 5 J=cm 2 are so high that the resonant scattering mechanism is quenched during the x-ray exposure. The simulations verify that only the first few femtoseconds of exposure probe the as-prepared electronic and spin system. Consequently, the availability of even shorter FEL pulses is essential to outrun the electronic damage.
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